Developers of gene therapy products (GTPs †) must adhere to additional regulation beyond that of traditional small-molecule therapeutics, due to the unique mechanism-of-action of GTPs and the subsequent novel risks arisen. We have provided herein a summary of the regulatory structure under which GTPs fall in the United States, the European Union, and Japan, and a comprehensive overview of the regulatory guidance applicable to the developer of GTP. Understanding the regulatory requirements for seeking GTP market approval in these major jurisdictions is crucial for an effective and expedient path to market. The novel challenges facing GTP developers is highlighted by a case study of alipogene tiparvovec (Glybera).
INTRODUCTION
In the last decade, the cost of genome sequencing has dropped from $100,000,000 to $1,000 per genome [1] .
This five-log decrease over ten years, initiated in part by a scientific arms race in the late 1990s to first sequence the human genome, has yielded unprecedented access to the genetic code of our cells [2] . The unwinding of the human genome has created myriad new therapeutic opportunities for previously untreated diseases. Genome sequencing is complemented and its potential enhanced by the development of molecular techniques for artificial genomic delivery and modification, including viral-based transfection mechanisms and the CRISPR/Cas9 system [3] .
The specific terminology for a gene therapy differs slightly in our jurisdictions of interest (Table 1) ; for the purpose of this review gene therapies will be generally referred to as a "gene therapy product" (GTP). GTPs face significant additional regulatory challenges when pursuing market approval due to the risks and concerns unique to gene therapies which must be accounted for during the regulatory process. These challenges are amplified by the novelty of gene therapies; the first gene therapy in either the European Union (EU) or United States of America (US) alipogene tiparvovec (Glybera, uniQure; Amsterdam NL) was approved in 2012, and at time of publication only two more have received market approval since. In comparison, the first recombinant protein drug Humulin was approved 35 years ago (FDA), the first monoclonal antibody Orthoclone OKT3 31 years ago (FDA), and the first synthetic drug chloral hydrate was discovered 148 years ago (Germany) [4] [5] [6] . As the first rudimentary pre-market approval process for drugs in the US was established in 1938, small molecule drugs pre-date regulatory structures [7] .
Understanding the regulatory framework that a gene therapy must navigate to achieve market approval is critical for both developers and scientists. The former need to plan their path to market accordingly and assess Act on Pharmaceutical and Medical Devices, Chapter 1 Article 2-9* *translation from [24] candidates' translational viability, but scientists also need to understand the regulatory framework in order to inform their work in improving and optimizing gene therapies in the laboratory and ensure that they are translatable. This review will cover the relevant regulatory considerations for the US, EU, and Japan. The US and EU were chosen due to their inherent relevance to Western drug developers. Japan is a significant jurisdiction and an interesting case study for the topic of this review due to their unique regulatory pathways available only to regenerative medicines, including gene therapies. Additionally, the US, EU, and Japan are the founding members of the International Conference of Harmonization, an international organization which develops scientific and regulatory documents on drug development for widespread international adoption. Therefore, these jurisdictions' regulatory outlook is especially influential on worldwide therapeutics development. The formal definition of a gene therapy in the jurisdictions of interest is given in Table 1 . Within the general terminology, gene therapies are divided into two broad classes: in vivo and ex vivo. In vivo gene therapy is the direct modification or insertion of genetic information to cells within a tissue body; ex vivo gene therapy is the genetic manipulation of cells in vitro which are then delivered into the patient. As ex vivo gene therapy necessitates the introduction of significantly manipulated cellular products into the patient, these products must generally comply with both cell-based medicinal product and gene therapy product guidelines and regulation. Only regulation directly relevant to gene therapy will be covered in this review, however, ex vivo GTPs are also subject to cell therapy considerations and regulations. The regulation of cell-based medicinal products has been recently reviewed [8] [9] [10] .
GENERAL REGULATORY ENVIRONMENT
Within the EU and US, GTPs are regulated within the same general regulatory framework as other types of therapeutics [11] . Japan's regulatory agency, the Ministry of Health, Labour, and Welfare (MHLW), has a special regulatory framework for "regenerative medicinal products" under which gene therapy products are categorized and regulated (not to be confused with "regenerative medicine," a separate category defined in the Japanese regulation solely for academic or clinical research products where market approval will not be sought). As the Japanese regulation of GTPs differs significantly from the US and EU, further specifics of this jurisdiction's practices will be discussed separately in this review under Japanese Regenerative Medicinal Products. An overview of the regulatory hierarchy for GTPs in the jurisdictions of interest may be found in Figure 1 . Unlike the FDA and MHLW, the EMA is not a completely centralized approval body -developers may pursue market approval also via the "national procedure" (single EU state application), "decentralized procedure" (concurrent application to multiple EU states) or "mutual recognition" (first via a single EU state, then centralized via the EMA). However, ATMPs including GTs are mandated to seek approval under the centralized EMA pathway, along with specific therapeutics of certain modalities and indications.
(TEP), and Combined ATMPs, which are a combination of a medical device with one or more of the previous categories. ATMPs must comply with EU pharmaceutical regulations and therefore receive pre-market approval. A non-pharmaceutical product meets the following criteria: "It is not substantially manipulated; cells are used for the same essential function in the donor and recipient (sometimes called 'homologous use'); it is not combined with a medical device or an active implantable medical device." If these criteria are not met, the product is regulated as an ATMP [17] . The classification is tasked to CAT, which provides a non-binding recommendation as to whether a specific product should be considered an ATMP. As with 351/361 Product designation, any GTP would be considered a gene therapy medicinal product (GTMP), and therefore an ATMP, due to the mechanism and cellular effect of gene therapeutics. The regulation of a Combined ATMP is determined by its components, following a categorical hierarchy defined by the EMA: GTMP over TEP over CTMP. Therefore, an ex vivo gene therapy would be classified as a GTMP, even though the final therapeutic product would be cell-based like CTMPs [17] .
Unlike the FDA and MHLW, the EMA is not a completely centralized approval body. Developers may pursue market authorization in individual EU member states; GTPs are mandated to seek approval under the centralized EMA pathway, as are all other ATMPs are along with other therapeutics of certain modalities and indications. (Figure 1 ) [18] . However, within the ATMP Regulation there is a special provision entitled hospital exemption, which allows small scale custom ATMP treatments for rare, specialized diseases to be used in patients without market authorization. The product must be prepared on a non-routine basis, and be used within the same hospital in which it is produced under the exclusive supervision of a medical practitioner. A controversial example is the work of Dr. Paolo Macchiarini. At Karolinska Instituet in Stockholm, Sweden, Dr. Macchiarini implanted tissue-engineered tracheas combined with cellular products into patients with cancer and other forms of esophageal damage under the hospital exemption clause. Numerous issues with the experimental treatment were later revealed, including that animal studies were not robust nor sufficiently supportive of human trials, inadequate patient consent procedures, and inconsistent and perhaps not experimentally justified material use for the synthetic tracheas. The failure of the grafts is implicated in the death of multiple patients, including those who were not in critical condition and therefore likely would have had fewer complications should they not have received the transplant at all [19] .
The United States of America
The U.S. Food and Drug Administration (FDA) has jurisdiction over a variety of products including food, tobacco, vaccines, and therapeutics in the US. Within the FDA, therapeutics are regulated under either the Center for Drug Evaluation and Research (CDER) or the Center for Biologics Evaluation and Research (CBER). CBER is responsible for the regulation of human gene therapy products [12] . Within CBER, oversight of gene therapy products falls to the Office of Tissues and Advanced Therapies (OTAT), which before restructuring in October 2016 was known as The Office of Cellular, Tissue, and Gene Therapies (OCTGT) [13] . In addition to regulatory review, OTAT also releases regulatory policy and guidance documents, many of which will be referenced in this publication [14] .
Biologics, and therefore GTPs, are regulated under Section 351 of the Public Health Services Act and are therefore commonly referred to as "351 Products." A 351 Product is defined by exclusion; it is a biologic which does not meet the criteria of 361 Products as defined in the same legislation. 361 products cover products including tissue and bone transplants and are referred to as "human cells, tissues, and cellular and tissue-based products" (HCT/Ps) [15] . They must meet the following requirements: minimal manipulation; homologous use; not combined with another article; either no systemic effect and do not rely on metabolic effect of living cells; or have a system effect and rely on metabolic effect of living cells but are for autologous, first or second-degree blood relative or reproductive use [16] . The mechanism of genetically modifying a cell precludes 361 Product classification, as genetic modification has a systemic effect and depends on the metabolic activity of living cells. Therefore, GTPs are regulated as 351 Products. As a 351 Product, GTPs must receive pre-market approval and meet Good Manufacturing Practice (GMP) requirements, among others.
The European Union
The European Medicines Agency (EMA) is the centralized regulatory body of the EU. Within the EMA, The Committee for Advanced Therapies (CAT) provides an expert opinion on the drug's application dossier and gives a recommendation for approval or rejection. This decision is reviewed and ratified by the Committee for Medicinal Products for Human Use (CHMP). To address GTP-specific concerns and ensure product safety, homogeneity, and compliance, the EMA/CAT and FDA/OTAT have made available multiple resources for developers ( Table 2, Table 3 ). Relevant FDA and EMA documents are referenced for each section. For the purposes of this review the FDA guidance documents have been labeled FDA-1 to 9 for further reference to Table 2 .
Product Quality (FDA-6; EMA/CAT/80183/2014, EMA/CHMP/ BWP/187338/2014) Standard Good Manufacturing Practice (GMP) and Good Laboratory Practice (GLP) requirements apply to GTPs, with some additional considerations tailored to GTPs. Starting materials should be controlled, including using viral seeds if appropriate. Potency can be challenging to determine for GTPs. Potency is defined by the FDA as "the specific ability or capacity of the product...to effect a given result." Additional challenges may be due to factors such as the inherent variability of the starting materials, lack of reference standards, multiple active agents, and the possibility for these to interfere or synergize in an unpredictable or undesirable
GUIDANCES ON PRE-CLINICAL AND CLINICAL DEVELOPMENT OF GTPs
GTPs present challenges and risks in their development and use in patients. The manufacturing process must be defined and validated to ensure product standardization, batch comparability and sterility. As many GTPs are dependent on viral delivery mechanisms, meeting these requirements may be more complicated than with small molecule therapeutics and other biologics. Toxicity and immune response of the component parts of the GTP, even if the part does not confer the therapeutic effect, should be addressed. Immune responses are a significant concern with some types of GTPs, tragically highlighted by the death of Jesse Gelsinger. In 1999, Mr. Gelsinger received an experimental GTP consisting of the corrective gene for ornithine transcarbamoylase deficiency delivered via recombinant adenoviral vector, the attenuated cold virus. He later died of a massive, systemic immune response to the vector [20] . The safety of the delivery mechanism and the gene therapy itself must be thoroughly evaluated during the development of a new GTP. This includes rigorous product definition and standardization, toxicity, and immune response studies to all component parts of the GTP, shedding studies, and genomic integration sites. Even after market approval, long-term structured monitoring of some types of GTPs is necessary due to the unique long-term risks posed by toxicology, product delivery considerations, GLP, adherence to reduction, refinement, and replacement of animals, and development of the product for later phase trials such as further safety and changes in formulation of the product. Animal selection should take into consideration the permissiveness/susceptibility of the candidate species to infection and replication of the viral vector and the response of the specific species to the expressed transgene. The document also provides a list of safety considerations specific to GTPs: "a. manner, complex mechanism(s) of action, and the in vivo fate of the product, which can be challenging to determine and variable. Special care should be taken to detect and avoid contamination from adventitious agents, for example extraneous viral contamination.
Pre-Clinical Assessment
(FDA-5, FDA-9; EMEA/CHMP/GTWP /125459/2006).
The FDA OTAT evaluates the following GTP products: non-viral vectors, replication-deficient viral vectors, replication-competent oncolytic vectors, microbial vectors, and ex vivo genetically modified cells. The following should be detailed and justified in a preclinical program design: animal species selection and the model of disease or injury; proof-of-concept studies, Table 3 . EMA Guidance Available for Gene Therapy Products. Only includes regulation and guidance specific to gene therapy products. Title 
EMA Reference Year
Guideline Dose scaling from animal models to humans may not be as predictable as they are with small-molecule therapeutics, therefore extra care should be taken to minimize risk of dosage errors in humans. Some GTPs utilize viral-based delivery technologies, for example adeno-associated virus. Briefly, AAV is a low immune-reactive with a predictive integration pattern in chromosome 19. Numerous serotypes of AAV exist, which vary in their inherent tissue tropism and immunogenicity. The further described GTP Glybera utilized AAV1 to deliver the gene product to the patient [21] . These may necessitate or benefit from the concomitant use of immunosuppressive agents, whose choice and efficacy should also be validated clinically. There is some allowance for modifying a GTP during an ongoing clinical trial without invalidating previouslyacquired data. This is possible if the new GTP shares critical properties with the previous version, such as the gene product and tissue tropism.
Often Shedding studies evaluate how a viral or bacterial based GTP is excreted or released from the body, with concern towards contamination of others and the environment due to this shedding. These studies should be conducted to determine the risk of a GTP being transferred from the patient to an untreated person in close contact, such as a health care professional. Developers should prepare a shedding report for delivery to the FDA, as outlined in the guidance document. Additionally, some types of GTPs may require the submission of an Environmental Assessment to determine the risk of the GTP on the environment. In general, GTPs follow the same standard principles of any therapeutic entering clinical trials in the EU or US. Dependent on their mechanism of action, GTPs may require additional risk consideration when undertaking human studies due to their unique mechanism of action. Specific risks include uncontrolled delivery of the gene, interference of normal function of cells and tissue, and the long-term integration of the gene into the genome. In GTPs utilizing an integrating vector, these adverse events may lead to the subsequent potential inactivation or activation of neighboring genes; of particular concern is the activation of proto-oncogenes (see: Delayed Adverse Effects). Developers should heed special monitoring considerations including: immunogenicity, duration of the product in the body, shedding, clonal outgrowths if applicable, and the effect on children linear development and maturation. Inherited genetic disorders are often already expressed in children, for example, Duchenne's muscular dystrophy. Therefore, it is critical to understand the potential effect on pediatric patients. Differential vulnerabilities to the vector may exist between special patient populations, e.g. pregnant women, children, and the elderly.
Delayed Adverse Effects
Additionally, it should be noted that determining safe and optimal dosing can be more challenging in GTPs. prevalent but unlikely to generate significant returns on the investment. The therapeutic candidate must offer a significant benefit over current treatment modalities. Benefits of orphan drug designation by the EMA include scientific advice, ten years of market exclusivity, and fee reductions [26] . Glybera, discussed further in this review, received orphan designation. In addition to standard orphan designation, Japan also offers a regenerativemedicine-specific orphan designation if the regenerative medicine product affects a patient population of less than 50,000 and offers significant potential medical benefit. These therapeutics receive financial and advisory benefits and priority review by the MHLW [27] .
The FDA offers four expedited programs for drugs which treat serious conditions where there is an unmet medical need: Fast Track designation, Breakthrough Therapy designation, Accelerated Approval, and Priority Review designation [28] . Fast Track provides the developer increased access to the FDA, rolling review of the Biologic License Application (BLA) or New Drug Application (NDA), and eligibility for Accelerated Approval and Priority Review. Breakthrough Therapies receive the Fast Track benefits in addition with intensive guidance during the drug development process from an early stage. Accelerated Approval grants market approval to drugs based on their effect on a surrogate endpoint, with the condition of meeting the requisite clinical endpoints in Phase 4 confirmatory trials. A surrogate endpoint is a biomarker or biomarker(s) which predict the meeting of a desired clinical endpoint in a clinical trial. Priority Review designation commits the FDA to reviewing the drug's application within six months, in comparison to ten months under standard review. The details of these programs are provided in Guidance for Industry: Expedited Programs for Serious ConditionsDrugs and Biologics.
The EMA offers Priority Medicines (PRIME), Accelerated Assessment and Conditional Marketing Authorization. While the specifics of these programs vary, they are generally analogous to FDA Breakthrough Therapy designation, Priority Review, and Accelerated Approval, respectively.
JAPANESE REGENERATIVE MEDICINAL PRODUCTS
The Japanese government recently passed a set of legislations to promote the development of Japan as an international hub of medical research and therapeutics development, possibly due in part to the important role of Japanese scientists in the discovery of induced pluripotent stem cell (iPSC) [29] . Of specific relevance to regenerative medicines, and therefore GTPs, are the Regenerative Medicine Promotion Law (RMP, May leukemia 2 to 5.7 years after treatment [22] [23] .
A series of guidance questions can be used to determine whether a specific GTP has a high risk of delayed adverse events: If the answer to Questions 2 or 4 is "no," the risk of gene transfer-related adverse events is low and there may not be necessity for the developer to provide a structure for long-term monitoring of patients. If the answer to Questions 3 or 4 is "yes," the developer should incorporate long-term monitoring into their design study.
For example, AAVs do not have the propensity to integrate and therefore GTPs dependent on this technology do not require long-term monitoring. Additionally, integration studies should be considered if the vector system has the capacity to permanently integrate into the cellular genome and has a long in vivo duration. Integration studies inform the developer and regulatory agency of the risk of insertional mutagenesis caused by for example the inadvertent activation of a proto-oncogene.
REGULATORY INCENTIVES AND SUPPORT IN THE EU AND US
The FDA and EMA offer programs aimed to expedite the development of critical medicines. The indications of interest to the developers of GTPs are often life threatening or debilitating and currently without an effective treatment, and are therefore often able to qualify for regulatory support mechanisms. Japan, the US, and the EU offer orphan designation, and there is a common EMA/FDA application for developers pursuing orphan designation for their therapeutic candidate. Orphan designation is available for any drug which is indicated for a rare disease. A "rare disease or condition" is defined by the FDA as either affecting less than 200,000 people in the United States, or affecting a higher number but is without a reasonable expectation that a therapeutic for the indication will bring significant financial returns to justify its development [24] . Developers will receive benefits including tax credits equivalent to 50 percent of the clinical trial costs, market application fee waiver, and seven-year market exclusivity [25] . In the EU, a therapeutic candidate may be considered an "orphan medicinal product" if it is indicated for a life threatening or debilitating condition which is not more prevalent than 5 out of 10,000 people, or is more Glybera (uniQure; Amsterdam, NL), Strimvelis (GlaxoSmithKline; Brentford, UK), Kymriah (Novartis; Basel, CH) and Yescarta (Kite Pharma; Los Angeles, CA, US). Additionally, Luxturna (Spark Therapeutics; Philadelphia, PA, US) is expected to receive market approval in early 2018. Glybera provides useful case studies for any developer of GTPs. Navigating the path to approval, in itself, does not guarantee a medicinal product's success, and commercial, rather than regulatory, challenges have in some cases resulted in product failure. These too must be considered prior to and throughout development.
In 2012, Glybera (alipogene tiparvovec, see Figure  2 ) was recommended for approval, becoming the first GTP on market in either the EU or US [31] . Glybera is an in vivo AAV1 GTP indicated for lipoprotein lipase deficiency (LPLD). LPLD is an autosomal recessive disease caused by the loss-of-function of a critical protein. Patients with LPLD do not have a functional copy of the lipoprotein lipase enzyme and therefore cannot breakdown triglycerides, leading to a variety of health complications including possibly life-threatening pancreatitis [32] . The AAV1 delivers an intact DNA transcript of the deficient LPL protein to the patients' cells. Both the CAT and the CHMP initially gave negative opinions on its market authorization candidacy before eventually approving the product [33] . As of late 2016, it had only been used commercially in one patient [34] . Glybera sponsor uniQure announced in early 2017 that the company would voluntarily withdraw the product from the EU market for logistical reasons [35] . Not only the first market approved GTP, Glybera was also the most expensive drug in the world, with an estimated cost of $1 million per treatment [36] . The large price tag in combination with a very small patient population, the curative action of the drug (therefore no repeat revenue from regular treatment), and inability to enter the US market due to FDA skepticism of the drug's efficacy have proved Glybera financially unappetizing for uniQure [37] .
CONCLUSION
Gene therapies offer the potential to improve prognosis and potentially cure certain diseases. However, the uncertainty and therefore risk surrounding this novel approach results in a regulatory landscape that in the view of some is overly stringent and complex. Ensuring that patient benefit is maximized requires both: i) that regulators remain flexible and reactive to the demands and challenges uniquely posed by GTPs, and ii) that those developing GTPs operate optimally within the constraints of the regulatory system. This article focusses on the latter, and hopes to serve as a guide for those 2013), the Act of Safety of Regenerative Medicine (RM Act, November 2013), and the Act on Pharmaceuticals and Medical Devices (PMD Act, November 2013). This legislation and statements from the MHLW have demonstrated their interest in promoting iPSC-based therapeutics development [30] . The RMP guarantees broad governmental protection and support of regenerative medicines at all stages and the RM Act gives more granular regulation on the clinical development of regenerative medicines, regulating logistical aspects to regenerative medicine development such as risk classification and processing facility requirements [11] . The PMD Act gives the strongest distinction of Japan's regulatory environment from the US and EU. This act creates a therapeutic category "regenerative medicine products," under which GTPs fall (Figure 1 ). Most interestingly, it creates separate drug approval pathway for these regenerative medicine products, effectively providing a shortcut through the clinical trials process [30] . Developers may seek conditional marketing approval after Phase II trials if their candidate has demonstrated safety and probable efficacy in a small sample size. Phase III data is collected while the drug is commercially available. The market approval is timelimited: within seven years from the initial approval, the drug will be re-analyzed and granted final market approval if the data is favorable.
POST-MARKET CHALLENGES: CASE STUDY OF GLYBERA
At time of publication, only four GTPs have received market approval in the either US or EU: interested in, or currently developing, gene therapies. An understanding of the regulations surrounding GTPs is essential to success in the area, and consideration of the core principles detailed in this article at the earliest possible stage of development will inevitably increase the likelihood of much needed gene therapies entering the clinic. Regulations are in place to ensure that the risk/ benefit ratio of medicinal products is optimized, and this should also be the view of any entity developing GTP. GTP developers must act within the constraints imposed by regulatory bodies to improve the likelihood of their success; however, they should also remain aware of the shared goal, and work with regulators to define and improve the criteria for successful products. With a collaborative approach, regulations will evolve to best represent the needs of the stakeholders concerned -most importantly, the patients.
